CD20 is a cell-surface receptor expressed by healthy and neoplastic B cells and is a well-established target for biologics used to treat B-cell malignancies. Pharmacokinetic (PK) and pharmacodynamic (PD) data for the anti-CD20/CD3 T-cell-dependent bispecific antibody BTCT4465A were collected in transgenic mouse and nonhuman primate (NHP) studies. Pronounced nonlinearity in drug elimination was observed in the murine studies, and time-varying, nonlinear PK was observed in NHPs, where three empirical drug elimination terms were identified using a mixed-effects modeling approach: i) a constant nonsaturable linear clearance term (7 mL/day/kg); ii) a rapidly decaying time-varying, linear clearance term (t ½ = 1.6 h); and iii) a slowly decaying time-varying, nonlinear clearance term (t ½ = 4.8 days). The two time-varying drug elimination terms approximately track with time scales of B-cell depletion and T-cell migration/expansion within the central blood compartment. The mixed-effects NHP model was scaled to human and prospective clinical simulations were generated.
Schematic representation of an augmented twocompartment PK model with subcutaneous absorption, where X 1 (t) is the central plasma compartment and X 2 (t) represents peripheral tissue, both using units drug in μg. X 3 (t) represents the subcutaneous (s.c.) depot used for describing s.c. dosing. CL 1 and V 1 represent linear, nonsaturable drug clearance and central volume of distribution. CL d and V 2 represent distribution clearance and peripheral tissue volume of distribution. K a represents the fractional absorption rate of drug from the s.c. depot (1/time) and F is fractional bioavailability (0 ࣘ F ࣘ 1). CL 2 (t)/V 1 and (V max (t)/V 1 )/(C 1 + K M ) are ostensibly correlated with fractional Bcell and T-cell-mediated drug disposition/elimination, respectively, where CL 2 (t) = CL 0 2 · e −λ2t and V max (t) = V 0 max e −λ1t .
anti-CD3 monoclonal antibody otelixizumab, 8 exhibits nonlinear, but not time-varying, elimination in patients treated for psoriasis and type 1 diabetes.
In this study we examined data from seven NHP safety and PK studies in addition to pharmacokinetic/pharmacodynamic (PK/PD) studies performed in transgenic mice expressing human CD3 and CD20 on T-and B-cells, respectively. Collected NHP PK data were kinetically analyzed by fitting a population model (Figure 1 and Eqs. (1)- (3) ) to the data in order to characterize time-dependent antibody catabolism, estimate population PK parameters, and compare them to previously published empirical population models of anti-CD20 mAbs.
METHODS

PK/PD studies in mice
All in vivo experimental procedures were approved by Genentech's Institutional Animal Care and Use Committee. Human CD20-human CD3 double-transgenic mice were produced by crossing mice containing each of the two single transgenes. 9, 10 Twelve mice per group were administered a single intravenous (i.v.) bolus dose of vehicle or BTCT4465A (0.005-0.5 mg/kg). Serum was collected at selected timepoints and stored at -70°C until measured using an enzyme-linked immunosorbent assay (ELISA) to determine the amount of BTCT4465A in the serum. All mouse data analyzed here were previously reported in Sun et al. 1 
PK/PD studies in nonhuman primates
All NHP studies were conducted at Charles River Laboratories (Reno, NV) using purpose-bred, naive, cynomolgus monkeys of Chinese origin. For the single-dose studies, three or four cynomolgus monkeys were administered a single slow bolus (approximated as an instantaneous bolus injection in the model) i.v. dose of BTCT4465A (0.001-1 mg/kg). For the repeat dose studies, three to eight cynomolgus monkeys were administered a 1 mg/kg subcutaneous dose, slow bolus intravenous dose or 1-h infusion of BTCT4465A (0.01-1 mg/kg) once weekly for a total of four doses. For all studies, serum was collected at selected timepoints and stored at -70°C until measured using an ELISA assay with a 1.6-3 ng/mL limit of quantification to determine the amount of BTCT4465A in serum. PK samples that tested positive for antidrug antibodies (ADAs) by an ELISA assay were excluded from analysis. Note that drug immunogenicity is not studied in depth here since ADA responses do not translate well from NHP to human. 11, 12 Two of the seven NHP studies analyzed here were previously reported in Sun et al.
1
Compartmental model structure for murine and nonhuman primate PK data All data in this study were analyzed using a two-compartment PK model with first-order subcutaneous absorption augmented with a time-varying, nonlinear Michaelis-Menten clearance term (V 0 max , λ 1 , K M ) and a time-varying, linear clearance term (CL 1 , CL 0 2 , λ 2 ), as shown in Figure 1 , with equations written as follows:
and
where X 1 , X 2 , and X 3 represent amount of drug (μg); u IV and u sc are amounts of drug (μg) administered to the central (i.v.) or subcutaneous (s.c.) compartment. Six variants of the compartmental model described by Eqs. (1)- (3) were evaluated ( Table 1) , representing different combinations of the three plasma clearance terms in Figure 1 . Model parameters are described in Table 2 . Software and computational methods are described in the Supplementary Information.
Mixed-effects and covariate analysis of nonhuman primate data
Analysis of plasma PK data collected from cynomolgus monkeys was conducted using the mixed-effects (population) modeling approach 13, 14 in order to estimate (i) mean PK parameters across all animals, and (ii) intersubject variability between estimated PK model parameters. We also assessed the impact of body weight, antibody cell line source (CHO vs. E. coli-derived), and baseline T-and B-cell levels as covariates on model parameters. We excluded from analysis those drug plasma concentrations that might have been impacted by the presence of antidrug antibodies, i.e., ADA-positive PK samples. However, in addition to estimating mean PK www.cts-journal.com Table 1 Comparison of drug elimination parameter estimates based on cynomolgus monkey PK data and final objective function value (OFV) for six base model variants without covariates considered in this study (cf. Figure 1) Clearance mechanism (all include CL 1 ) V a r i a n t V max (t ) Table 2 . The objective function used here is proportional to −2 log-likelihood such that OFV of 6.63/9.21/11.3 are considered statistically significant (P ß0.01) outcome of the likelihood-ratio test with one/two/three degree(s) of freedom, [31] [32] [33] respectively. Np is the number of parameters, including η's (Eq. (4)), in the drug elimination term of each model variant.
parameters across all animals using Eqs. (1)- (3), the mixedeffects approach yielded estimated PK parameters for each individual animal i. Using CL 1 as an example, this was written as:
where, CL i 1 is the estimated clearance for animal i. CL 1 values across all animals were assumed to be described by a log-normal distribution, where η CL 1 is a normally distributed random variable and CL pop 1 is the mean estimated clearance for the population of animals in the study. The percentage of interindividual variabilities of parameters for which η distributions are estimated, typically expressed as apparent percent coefficients of variation (%CV), were calculated as:
where, p ii corresponds to the diagonal element of the variance-covariance matrix ( ) corresponding to parameter p.
Covariate analysis was performed using the stepwise covariate model-building method. 15 Body weight and baseline T-/B-cell blood counts were tested as continuous linear and power functions on PK model parameters; cell lines were tested as a categorical covariate. For example, a linear covariate effect of body weight (BW) on CL 1 , as written in Eq. (4), is written as
where, BW i was the body weight of animal i, BW was the median body weight across all animals, and cov was a dimensionless parameter characterizing the magnitude of covariate effect. Likewise, a covariate power model is written as:
Model discrimination analysis was performed by comparing final objective function values (OFVs) for each model, where OFV is proportional to −2 log-likelihood as calculated by NONMEM. 16 Referencing a standard chi-square distribution table, a difference of 6.63, 9.21, or 11.3 between OFVs ( OFV) for two different nested models differing by one, two, or three degrees of freedom, respectively, corresponds to a P-value of 0.01 for a null hypothesis that each of the two structures under consideration are statistically equivalent. [16] [17] [18] Allometric scaling NHP (cynomolgus, c) PKs were scaled to humans (h) using the standard allometric equation, 19, 20 where for model parameter p,
When generating prospective clinical simulations, CL 1 and CL d values were scaled by body weight with an allometric exponent of b = 0.85 21 ; V 1 and V 2 were scaled by an exponent of b = 1. 21 As an approximation of clinical CD20+ tumor-mediated drug clearance, CL 0 2 and λ 2 were fixed to values estimated for NHL patients treated with rituximab. Table 2) . Figure 2 shows pooled mouse PK (Figure 2a ) and peranimal NHP PK measurements ( Figure 2b ) along with the corresponding changes in CD4+, CD8+, and CD20+ cell counts (Figure 2c ) for NHPs that were given four doses at 1 mg/kg, administered 1 week apart. Dosing rapidly led to a decline (within 1 h) in CD4+ and CD8+ circulating Tlymphocyte numbers. That response was followed by resurgence to levels at or above baseline levels within 48 h. This behavior has been attributed to activation-induced margination of blood lymphocytes to tissues upon dosing followed by re-emergence of activated CD4+ and CD8+ T cells in blood by 48 h. Results of a single dose study are shown in the Supplementary Information, Figure S1 . In both the single and multidose studies, T-cell counts appeared to be trending towards baseline levels in the weeks after the last dose; however, the number of animals at later timepoints (t > 28 days) was low (n = 4) compared with earlier timepoints (n ࣙ 25). The study duration was not long enough to permit observation of a complete return to pretreatment Tcell levels (Figure 2c) . Meanwhile, peripheral blood B-cells Comparison of mixed-effects model simulations (median PK profile and interanimal variability) generated using fitted mixed-effects parameters summarized in Table 2 , and observed PK data for 1 mg/kg i.v. bolus and slow push repeat dosing cohorts. Solid line and shaded region correspond to simulated median and 5-95% intervals. Circles are observed drug concentrations in plasma and dashed line corresponds to median observations at each timepoint. (c) Corresponding changes in median peripheral blood CD4+, CD8+ T-cell counts, and CD20+ B-cell counts. Number of animals (n) for which T-and B-cell levels were measured is indicated at t = 0, 28, 35, and 77 days. In all panels, vertical lines indicate dosing times.
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were rapidly depleted after dosing, presumably due to T-cellmediated killing. Peripheral blood B cells showed evidence of recovery ß7 weeks after the last dose was administered (Figure 2c) . Tissue B-cell counts may have declined at a slower rate, but they appear to have been nearly depleted 7 days following a 1-mg/kg i.v. dose.
1 B-cell counts appeared to return to baseline levels once serum concentrations of BTCT4465A fell below a threshold of ß1 nM (0.15 μg/mL). During repeat i.v. administration of BTCT4465A at 1 mg/kg, the data demonstrated that the total rate of drug elimination (CL) was qualitatively lower during days 21-28 compared with days 0-7 (Figure 2b) , consistent with time-dependent CL previously described for the anti-CD20 directed monoclonal antibodies rituximab, 5 obinutuzumab, 6 ocrelizumab, 22 and ofatumumab. Compartmental model fitted to pooled murine PK data Figure 2a shows pooled murine data and their fit to the model. A strong nonlinearity in drug elimination with respect to plasma concentration was apparent from visual inspection, characterized by estimated K M and constant V max values of 0.015 μg/mL and 12 μg/day, respectively. Linear drug elimination CL was estimated to be 16 mL/day/kg (±2 mL/day/kg) for all fits shown. Due to the small amount of data used, numerical precision of K M and V max was relatively low, with standard errors greater than 0.015 μg/mL and 12 μg/day, respectively. Due to the relatively small amount of PK data collected in the mouse studies, a time-varying V max model was not evaluated. However, a linear PK model ( V max = 0) was fitted to all pooled murine data (not shown) and compared with nonlinear model fits via the Akaike Information Criterion (AIC), 23 estimated as 0.13 for the final fitted nonlinear model and 0.62 for the final fitted linear model. The lower AIC score of the nonlinear model suggests that it is better than the linear model, consistent with the strong nonlinearity apparent from visual inspection of the data in Figure 2a . The solid gray curve represents the model with V max fixed to zero fitted to PK data www.cts-journal.com collected for UCHT1, 1 a CD20 TDB variant with a very low affinity CD3 arm.
Mixed-effects model fitted to cynomolgus monkey PK data
Each of the six model variants evaluated in this study were fitted to all available cynomolgus monkey PK data (Tables  1 and S1 ). The model with time-varying V max and timevarying CL terms (Model VI) yielded the best fit of the model to the data. Model VI had a final OFV of −168 compared with OFV = −155 for the next-best model (Model V), resulting in a statistically significant (P < 0.001) OFV of 13.1 between model variants V and VI. The estimated value of λ 2 (10.1/day) resulted in a rapid decay of CL 2 , which drops to 50% of its initial value (63.8 mL/day/kg) 1.6 h posttreatment. The estimated value of λ 1 (0.144/day) resulted in a much slower decay of V max , which drops to 50% of its initial value (1,280 μg/day) 4.8 days posttreatment. Table 2 lists the estimated population mean, standard error, and interindividual variability of each parameter included in the final base model (no covariate effects), where percent interindividual variability (apparent %CV) of PK parameters range from 25-69%. Precision of fixedeffects parameters was generally good at less than ß50% relative error (100%·SE/Pop. Mean, Table 2 ); exceptions were CL 0 2 and λ 2 , which had slightly higher relative errors of ß65 and 85%, respectively, due to their presumed dependence on target-mediated clearance via rapidly depleting B cells, which was reflected in only a small portion of the data. The estimated variance-covariance matrix for model VI is shown in Table S2 . Estimates of random effect parameters that describe the distribution of animal-specific η values (Eq. (4)) are depicted by the histograms shown in Figure S2 . Representative per-animal post hoc fits of Model VI are shown in Figure S3 and plots of observed PK values vs. mean/peranimal simulated values and residual plots for Model VI are shown in Figures S4-S5 . Figure 2b depicts qualitative agreement between the median simulated PK profiles (solid line, median), simulated interanimal variability for repeated Model IV dosing (shaded region, 5-95% confidence interval), and PK samples (circles, individual observations; dashed line, median) obtained from the most data-rich animal cohort (1 mg/kg weekly x 4). Figure 3 compares the time course of linear/nonlinear fractional drug elimination (1/day) and measures B-/T-cell dynamics in blood. Qualitatively, the time scale of fractional time-varying, nonlinear drug elimination (Figure 3a) tracked with that of total T-cell expansion and trafficking dynamics in blood (Figure 3c) , where both the nonlinear elimination term and T-cell counts had almost completely decayed to baseline by 28 days. Time to peak elimination from blood via time-varying, nonlinear drug elimination (Figure 3a) occurred at ß2 days postinjection, while observed peak T-cell levels in blood occurred at ß7-14 days postinjection. Additionally, across the preclinical range of doses evaluated, a pronounced dose-dependency was observed in both the nonlinear drug elimination term and the T-cell response, particularly in the first 7 days postdose. Likewise, the time scales of fractional time-varying linear elimination (Figure 3b ) tracked with the nearly 100% depletion of peripheral blood B cells by 24 h postdose (Figure 3d) . Dose-dependency of peripheral blood B-cell depletion could not be detected in the preclinical studies, possibly due to the bulk of B-cell depletion occurring prior to the first sampling timepoint at 2 h postdose.
Comparison of time-varying mAb clearance terms and observed T-/B-cell dynamics in blood
Covariate analysis
The base population PK model for NHP provided a reasonable description of the observed data (Figure 2b) . Nonetheless, an exploratory covariate analysis was conducted to assess potential relationships between (i) each model parameter and (ii) body weight, baseline CD4+ T-, CD8+ T-, and CD20+ B-cell blood counts and the source of drug. Statistically significant (P < 0.005) continuous linear (Eq. (6)) and categorical (E. coli-vs. CHO-derived material) covariates were identified and are summarized in Table S3 . No continuous power model covariates (Eq. (7)) were identified. Peranimal estimates of linear, nonsaturable clearance (CL 1 ) were compared for the drug derived from each source. Qualitative inspection of estimated CL 1 's across all animals (Supplementary Information, Figure S6 ) suggests that there is little difference in constant, nonsaturable drug elimination mechanisms for E. coli-vs. CHO cell-derived drug. The drug source was also included as a categorical covariate but did not appear to significantly impact the rate of elimination clearance (CL 1 ); however, a statistically significant covariate effect of cell source was observed on central volume of distribution (V 1 ), distribution clearance (CL d ), and the linear, timevarying clearance term (CL 0 2 ). Generally, cell source effects on estimated model parameters may be confounded by interstudy variability, since only two of the seven NHP cohorts received CHO cell-derived mAb. Additional identified covariate relationships included effects of body weight on λ 2 as well as baseline CD4+ T-cell counts on CL 1 and λ 1 . Estimated interindividual variabilities (%CVs) for the full model with covariates were ß20, 50, 15, and 5% lower for CL 1 , CL 0 2 , CL d , and V 1 , respectively, compared with the base model ( Supplementary Information, Table S3 ). η shrinkages are summarized in the Supplementary Information, Table S4 . The full model with covariates resulted in a lower OFV (-324 vs. -168) and an overall improved fit of model to data (Supplementary Information, Figure S7 ). Figure 4 shows projected mean human PK, using the final model with covariates scaled by Eq. (8) . Monthly dosing was simulated at 1, 10, and 100 mg flat dosing, where C max at steady state (5 th dosing cycle) is linear at 0.37, 3.7, and 37 μg/mL across the three doses. Accumulation of drug over multiple dosing cycles and decay of the time-varying clearance terms results in an increase in AUC of 268%, 253%, and 169% at steady state compared with AUCs calculated for the first dosing cycle across the 1, 10, and 100 mg dose groups. Likewise, C min is nonlinear across the dose during the first cycle and linear across the dose at steady state (see Table inset in Figure 4 ). 
Model-predicted human plasma PK
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DISCUSSION
Here we studied an anti-CD20/CD3 T-cell-dependent bispecific antibody (BTCT4465A) that exhibits nonlinear PK and PD profiles in transgenic mice and healthy nonhuman primates. BTCT4465A binds to CD3 receptors expressed on T cells and CD20 receptors expressed on healthy and neoplastic B cells. Tissue distribution and total expression levels of CD3 and CD20 may change significantly during the course of treatment as CD4+ and CD8+ T-cell populations expand following activation and traffic into peripheral tissues and as B-cell populations are depleted in response to ligation of CD3 and CD20. This dynamic chain of events leads to time-varying, nonlinear drug PK as target-mediated drug elimination via CD3 and CD20 changes with time. The extent to which CD3 and CD20 contribute to drug elimination kinetics may vary depending on total expression level and internalization rates of each receptor. Rapid redistribution and expansion of T cells, cytokine release, and rapid target cell depletion observed with BTCT4465A were consistent with preclinical (NHP) pharmacodynamic observations of other T-cell-dependent bispecific antibodies (REGN1979), 24 antibody fragments (blinatumomab BiTE), 25 and CD3xCD123 DART 26 in development for treatment of hematological malignancies. PKs of these molecules is dependent on format, with PK of low molecular weight (ß50 kDa) BiTE and DART fragments dominated by rapid systemic clearance, while target-mediated elimination is a major driver for the clearance of higher molecular weight (150 kDa) full-length antibodies that undergo FcRn-mediated half-life extension. The PK/PD characteristics of various bispecifc antibody formats has been recently reviewed by Trivedi et al. 27 CD20 is largely a noninternalizing receptor, 28, 29 and is the target for several monospecific, bivalent anti-CD20 monoclonal antibodies approved for oncology 5, 6, [30] [31] [32] [33] and other 7, 22, 32, 34, 35 indications (Table 3) . These therapeutics impact the progression of B-cell lymphomas and rheumatoid arthritis (RA) by targeting and depleting CD20+ B lymphocytes. Moreover, B-cell depletion occurs in multiple www.cts-journal.com Figure 4 Projected human (70 kg) plasma PK, scaled from cynomolgus monkeys (3.12 kg). Simulations generated by the final model with covariates scaled from NHP ( Table 2 ) to humans, using Eq. (8) . Summary statistics are shown within the panel; units for C max and C min are μg/mL; units for AUC are μg/mL·day. sclerosis (MS) patients treated with ocrelizumab. 22 Studies indicate that in addition to CL 1 , a time-varying clearance term (CL = CL 1 + CL 2 e −λ 2 t ) is required when describing PK data obtained in oncology trials, including non-Hodgkin's lymphoma (NHL), chronic lymphocytic leukemia (CLL), and follicular lymphoma (FL). The time-varying term (CL 2 e −λ 2 t ) is not required (or is very small) when evaluating PK models in other application, i.e., RA and MS. For rituximab in NHL and CLL, the initial value of the time-varying clearance term (CL 0 2 ) is high (18 and 8.36 mL/day/kg) compared with the constant clearance term (CL 1 ), which is 2.44 and 1.97 mL/day/kg; the half-lives of CL 2 are 30 and 15 days for NHL and CLL populations, respectively. 5 For obinutuzumab in CLL and FL, the initial values of CL 0 2 are also higher (3.3-4.92 and 2.75-4.1 mL/day/kg, respectively) than CL 1 , which are 1.19-1.45 and 0.99-1.2 mL/day/kg, respectively. 6 Further illustrating the relationship between the rate of targetmediated drug elimination and tumor burden, baseline tumor size (BSIZ) in CLL patients was previously identified by Gibiansky et al. as a categorical covariate, where the half-lives of CL 2 were 19 and 14 days for CLL and FL patients, respectively, with a high BSIZ (>1,750 mm 2 ) and 7 days for patients with a low BSIZ (ࣘ1,750 mm 2 ). 6 Conversely, for rituximab in RA, the time-varying clearance term was evaluated but found to not improve the model's fit to the data and thus was dropped from the final analysis. 35 For ocrelizumab in MS, the initial value of CL 0 2 is low (0.714 mL/day/kg) compared with CL 1 , which is 2.43 mL/day/kg; the half-life of CL 2 is relatively long at 231 days. 36 Similar to rituximab, population modeling analysis of ofatumumab for RA and CLL revealed that time-varying clearance was not required to describe PK data from RA patients. 32 A slightly different, more mechanistic modeling approach was taken for the CLL population, where a target-mediated disposition (TMD) model that explicitly included B-cell counts and irreversible binding was implemented such that the drug elimination rate decreased as B cells were depleted. 32 A clear trend emerged when we compared population modeling analyses across these four molecules (rituximab, obinutuzumab, ocrelizumab, and ofatumumab) and five therapeutic indications (NHL, CLL, RA, FL, and MS). Significant time-varying clearance (defined here as CL 0 2 > CL 1 ) was apparent only in oncology indications, where CD20+ cell counts in patients with B-cell malignancies are typically much higher than in other indications. The only nononcologic indication with an identifiable time-varying drug elimination term was ocrelizumab for MS. However, in this case, CL 0 2 was smaller than CL 1 and had a much longer half-life than CL 0 2 as estimated in oncology studies, and may reflect the absence of an initial, rapid reduction in neoplastic B-cell levels. Furthermore, in obinutuzumab treatments for CLL and FL, the Table 2 ) are scaled to human body weight with fixed scaling exponents of 0.75-0.85, where 0.75 is the nominal value used for interspecies scaling of antibody clearance and 0.85 has been identified as optimal for scaling linear antibody PK from cynomolgus monkey to human. 36 Interspecies scaling was not applied to the fitted λ 2 value for BTCT4465A. M, male; F, female; BSIZ, baseline tumor size; NHL, non-Hodgkin's lymphoma; CLL, chronic lymphocytic leukemia; RA, rheumatoid arthritis; FL, follicular lymphoma; MS, multiple sclerosis.
half-life of CL 2 in patients with high baseline tumor loads was longer (14-19 days) than for patients with low baseline tumor loads (7 days), which may reflect a longer initial depletion phase in patients with higher baseline tumor loads. Across all of these studies, binding of the drug to CD20 may represent both distribution as drug exits the plasma compartment via binding, and drug elimination upon lysis of drugbound B cells. The relationship between patient T-cell levels and target-mediated elimination of anti-CD3 mAbs is not as well understood. However, the clinical PK of anti-CD3 mAb otelixizumab has been demonstrated to be consistent with a nonlinear (V max , K M ) mechanism of drug elimination. 8 In population modeling analysis of BTCT4465A, we identified a linear time-varying term (CL 0 2 , λ 2 ), along with a nonlinear, time-varying term (V 0 max , K M , λ 1 ). The rapid decay of CL 2 (t ½ = 1.6 h) is consistent with observed rapid B-cell elimination from the central blood compartment in healthy NHPs. However, the relatively high CL 0 2 value suggests that the linear, time-varying term may reflect other mechanisms in addition to CD20-mediated drug disposition such as rapid initial CD3-mediated drug disposition. The nonlinear, time-varying term may, in part, reflect CD3+ T-cell-mediated drug disposition because blood B cells are depleted within the first 24 h of each NHP study (Figure 3) . However, B cells in peripheral tissues may continue to impact target-mediated drug elimination at later times (t > 1 day) because B-cell depletion in these compartments is not as rapid or complete compared with blood. As is the case with monospecific, bivalent anti-CD20 mAb, one-armed binding of BTCT4465A to CD3 and/or CD20 may serve as both a distribution term and a drug elimination term as B cells are lysed and the mAb-CD3 complex is internalized by T cells.
Exploratory covariate analyses suggest that body weight, baseline T-cell blood counts, and the drug source (cell line) may be significantly correlated with PK model parameters ( Supplementary Information, Table S3 ). Baseline Tcell blood counts were identified as statistically significant covariates on CL 1 and λ 1 (half-life of V max ); correlation of baseline CD4+ T-cell counts with these two parameters suggests that T-cell-mediated drug disposition is reflected in both saturable and nonsaturable elimination terms of the model. The cell line source of mAb appears to have a covariate effect on distribution clearance and central distribution volume, where CL d and V 1 are lower for E. coli-derived material. A significant covariate effect of cell line on linear, timevarying drug elimination (CL 0 2 ) was also observed, where the magnitude of the drug elimination pathway was reduced in CHO-derived mAb. Most CHO-derived mAb PK data were collected in a single large NHP study (n = 44), raising the possibility that apparent cell line covariate effects are confounded by interstudy variability. Finally, a covariate effect of body weight on λ 2 was identified. The fitted population PK model with covariates yielded a significant reduction in objective function value (−324 vs. −168), and an improved model fit to the data ( Supplementary Information,  Figure S7 ).
The population model fitted to NHP was scaled to humans so that prospective clinical PK simulations could be generated (Figure 4) . In humans, the constant, linear clearance term (CL 1 ) is projected to be ß3.2-4.4 mL/day/kg (Table 3) , which overlaps with the range of CL 1 values for the monospecific, bivalent anti-CD20 mAb considered here (ß1-3.7 mL/day/kg). The remaining time-varying clearance terms in the scaled model utilized previously estimated Bcell-mediated drug disposition rates 5 and T-cell-mediated drug disposition rates estimated here were based on NHP PK data. The resulting simulations (Figure 4) indicate that time-varying clearance can be expected across a dose range of 1−100 mg once per month. Additionally, covariate analysis suggests that higher baseline T-cell counts may be significantly correlated with faster drug elimination within the range of doses evaluated (Supplementary Information, Figure S8 ). Note that these prospective clinical simulations are based primarily on data collected in healthy cynomolgus monkeys. The model deconvolutes the complex observed preclinical PK into different kinetic subprocesses with differential time-dependent contributions. This helps us understand the behaviors potentially underlying the complex PK, as discussed above, and sets expectations for clinical observations. However, because of the empirical nature of the model, nonlinear and time-varying parameters (K M , V 
CONCLUSION
In conclusion, a preclinical mixed-effects model that can be scaled to humans has been developed to describe the PK of a bispecific mAb that binds to both CD20 on B cells and CD3 on T cells. Each cell type exhibits a distinct response to treatment, such that peripheral blood B cells are rapidly depleted and T cells undergo rapid expansion and subsequent trafficking to peripheral tissues. The impact of this complex dynamic on drug elimination was captured empirically via kinetically fast and slow time-varying terms within the model, putatively corresponding to B-and T-cell-mediated drug elimination.
The resulting model provides a framework for further investigation into the PKs of T-cell-dependent bispecific antibodies. Specifically, applications of this model include facilitating preclinical drug comparability studies following changes in material and scaling of NHP PK to humans based in part on interspecies differences in B-and T-cell levels.
